To obtain two tomograms with two different photon energy ranges simultaneously, we have performed dual-energy X-ray photon counting using a cadmium telluride (CdTe) detector, two comparators, two frequency-voltage converters (FVCs), and an analog digital converter (ADC). X-ray photons are detected using the CdTe detector with an energy resolution of 1% at 122 keV, and the event pulses from a shaping amplifier are sent to two comparators simultaneously to regulate two thresholds of photon energy. The logical pulses from a comparator are sent to an FVC consisting of two integrators, a microcomputer, and a voltage-voltage amplifier. The smoothed outputs from the two FVCs are input to the ADC to carry out dual-energy imaging. To observe contrast variations with changes in threshold energy, we performed energy-dispersive computed tomography utilizing the dual-energy photon counting at a tube voltage of 70 kV and a current of 25 µA. Two tomograms were obtained simultaneously at two energy ranges of 20.0-70.0 keV and 33.2-70.0 keV. The photon-count subtraction was carried out using photon energies ranging from 20.0 to 33.2 keV. The maximum count rate was 5.4 kilocounts per second with energies of 20.0-70.0 keV, and the exposure time for tomography was 10 min.
Introduction
Extremely clean monochromatic X-ray imaging has been performed using a synchrotron and single silicon crystals, and monochromatic parallel beams with a photon energy of 35 keV have been applied to iodine (I) K-edge angiography 1, 2) for imaging fine coronary arteries; X-ray photons with energies just beyond the I-K-edge energy 33.2 keV are absorbed effectively by I atoms. However, because it is not easy to obtain sufficient machine times for angiography, we have developed a cerium X-ray generator 3, 4) that can generate K¡ photons with an average energy of 34.6 keV. In addition, we have developed several monochromatic flash X-ray generators [5] [6] [7] [8] to carry out high-speed monochromatic radiography with X-ray durations shorter than 1 µs. Nowadays, monochromatic imaging can also be performed utilizing photon-energy dispersion, and several detectors have been developed to realize specific objectives.
Recently, we have investigated the photon-counting energy-dispersive X-ray imaging systems using cadmium telluride (CdTe) and silicon PIN (Si-PIN) detectors. First, we developed a transmission-type X-ray camera 9) and a reflection-type X-ray fluorescence (XRF) camera. 10) Subsequently, several energy-dispersive X-ray computed tomography (ED-CT) systems 11, 12) have been developed to perform K-edge imaging using I and gadolinium (Gd) contrast media. In particular, we have succeeded in performing 2-keVwidth I-K-edge CT 13) using a Si-PIN diode. In addition, a preclinical ED-CT system 14, 15) has been developed using a CdTe-array detector to perform K-edge imaging.
In the ED-CT system, the photon energy range is determined using a multichannel analyzer (MCA). However, the maximum count rate of the MCA is 5 kilocounts per second (kcps) without pileups of the event pulse, and it is difficult to perform high-count-rate energy dispersion. Without the MCA, we usually used a single comparator to determine the threshold energy and performed photoncount energy subtraction. However, the subtraction-image quality was not good because the subtraction increased statistical error. Therefore, to avoid this, two differentenergy tomograms should be taken simultaneously using two comparators.
Using the ED-CT system with an event-pulse counter, image granulation caused by the statistical error is a big defect even when the count rate increases to beyond 1 megacount per second (Mcps). The maximum count rate of a readily available CdTe detector with a resolution of 1% at 122 keV is approximately 5 kcps under the pileupless condition. In view of this situation, a frequency-voltage converter (FVC) with an integrator is quite useful for compensating for the statistical error.
In our research, the major objectives are as follows: to keep the energy resolution of 1% at 122 keV by preventing pileups of the event pulses, to load a developed FVC instead of a counter to compensate for the photon-count fluctuations, and to perform photon-count energy subtraction using two comparators. Therefore, we constructed an ED-CT system with two sets of comparators and FVCs operated at a tube current of 25 µA. We also performed energy subtraction at a maximum count rate of 5.4 kcps. Figure 1 shows a block diagram of dual-energy X-ray photon counting using two sets of comparators and FVCs. X-ray photons are detected using a CdTe detector (Amptek XR-100T), and the electric charges produced in the CdTe are converted into voltages using a charge-sensitive amplifier. Subsequently, the output voltages from the charge amplifier are amplified using a shaping amplifier. The event pulses from the shaping amplifier are sent to the two comparators (ST Microelectronics TS3022) simultaneously, and logical pulses from the two comparators are input to the FVCs. In an FVC, count rate is converted into voltage using an integrator for compensating for the voltage fluctuation caused by the statistical error. The output voltages from the two FVCs are sent to a personal computer (PC) through an analog-digital converter (ADC; Contec AI-1608AY-USB). The comparators are used to determine the two-threshold energies, and the maximum energy of 70 keV corresponds to a tube voltage of 70 kV. The main electric circuit of the comparator is shown in the same figure, and an inversecomparison method with a hysteresis circuit is employed to prevent error oscillations from the comparator. The minimum discrimination voltage V d is regulated using a 10 k³ variable resistor, and V d (V) is proportional to the threshold energy E t (keV) of the spectra. The energy resolution of the CdTe detector was measured by Amptek and had a value of 1% at 122 keV under the pileup-less condition. In this experiment, the CdTe detector is driven without pileups, and E t is given by
Experimental methods

Dual-energy photon counting
The block diagram of the FVC is shown in Fig. 2 . When a logical pulse from the comparator is sent to a microcomputer (Atmel ATMEGA168P-20PU), the microcomputer produces a 5-µs-width 5-V-height logical pulse with a delay time of 8 µs. The microcomputer output is then input to an integrator with a time constant of 50 ms to produce a long pulse for piling up; the voltage piled-up by the plural logical pulses is approximately proportional to count rate (frequency). Using this integrator, the time constant was maximized without image blurring of tomograms. The pulse width is controlled by the microcomputer, and the first integrator output V i increases with increasing width. In this case, V i is roughly written as
where k is the attenuation factor due to the condenser discharging in the integrator, h is the pulse height (= 5.0 V), f is the count rate (frequency), and w is the pulse width (= 5 µs). Figure 3 shows the long pulse obtained from the first integrator by the input of a single logical pulse. The 10 µF condenser is charged rapidly to V p 0.5 mV in 5 µs, and the condenser voltage decreased slowly. In this case, the charging voltage V c (t) as a function of the time t, the discharging voltage V d (t), and the V p are given by V c ðtÞ ¼ h½1 À expðÀt=Þ; ð0 t wÞ; ð3Þ
where V i1 (t) is the long-width pulse produced by the single logical pulse. Therefore, the integrator output is produced by the pileups of the single integrator output, and the piled-up output V i (t) from the first integrator is almost proportional to f (t). Because V p increases with increasing w, it is important to produce constant-width logical pulses corresponding to the comparator outputs. V i (t) is amplified using a voltage-voltage (V-V) amplifier with a 2-fA-bias operational amplifier chip (National Semiconductor LMC662), and the amplifier output is sent to the second 50-ms-constant integrator again to reduce electric noises. Figure 4 shows an experimental setup of the ED-CT system. The CT system consists of an X-ray generator (R-tec RXG- 0152), a turntable (Sigma Koki SGSP-60YAW-OB), a scan stage (Sigma Koki SGSP-26-100), a two-stage controller (Sigma Koki SHOT-602), and a dual-energy X-ray photon counting system. The distance between the X-ray source and the CdTe detector is 1.00 m, and the distance from the center of the turntable to the detector is 40 mm to decrease the magnification ratio of an object. A 0.7-mm-diameter lead pinhole is set just in front of the CdTe detector to improve spatial resolution. The CdTe detector with the charge-sensitive amplifier oscillates on the scan stage with a maximum velocity of 25 mm/s and a stroke of 60 mm. The X-ray projection curves for tomography are obtained by repeated linear scans and rotations of the object, and the scanning is conducted in both directions of its movement. Both the scan stage and turntable are driven by the two-stage controller.
ED-CT system
Two step values of the linear scan and rotation are selected to be 0.5 mm and 1.0°, respectively. Using this CT system, the exposure time was 10 min. Figure 5 shows the typical electric characteristics in the dualenergy counting system, and the time relationship between the event pulse voltage and the comparator output is shown in Fig. 5(a) . The initial comparator output before the input of the event pulse was 5.2 V, and the voltage decreased rapidly to 0 V when the event pulse voltage increased beyond the discrimination voltage V d of 1.54 V. Next, the comparator output increased from 0 to 5.2 V when the event voltage decreased below V d . The pulse width of the negative comparator output increased with the event pulse height. Therefore, the microcomputer is useful for producing constantwidth logical pulses. From the microcomputer, the 5-µs-width positive logical pulses are produced with delays of 8 µs [ Fig. 5(b) ]. Although the width was set to 2 µs, the observed width was 5 µs. Subsequently, although the delay time was not regulated, and the delay time of the microcomputer was 8 µs.
Results
Electric characteristics
The time relationship between the single oscillator output and the first integrator output is shown in Fig. 6 ; the oscillator output was almost equal to the microcomputer logical pulse in the FVC. The pulse height and width were 5 V and 5 µs, respectively. In the integrator output, although we observed the oscillator noises, and these results corresponded well to the result in Fig. 3 . 
X-ray dose rate and spectra
The X-ray dose rate from an X-ray generator was measured using an ionization chamber (Toyo Medic RAMTEC 1000 plus) at a tube current of 25 µA without filtering. The chamber was placed 1.0 m from the X-ray source. At a constant tube current, X-ray dose rate increased with increasing tube voltage. At a tube voltage of 70 kV, the X-ray dose rate was 1.06 µGy/s. X-ray spectra used for CT are shown in Fig. 7 . To measure X-ray spectra, we used the CdTe detector with a lead pinhole. In the entire spectra [ Fig. 7(a) ] with energies ranging from 20 to 70 kV, the count rate was 5.4 kcps. The I-K-edge energy 33.2 keV is also shown in the same figure for reference. In this regard, the X-ray photons with energies from 33.2 to 70.0 keV are useful for carrying out I-K-edge CT with a count rate of 3.4 kcps [ Fig. 7(b) ]. However, X-ray photons with energies ranging from 20.0 to 33.2 keV are useless for imaging I media [ Fig. 7(c) ], and the count rate was 2.0 kcps when using subtraction.
Tomography
Tomography was performed at a constant tube voltage of 70 kV and a tube current of 25 µA, and the reconstructed maximum and minimum relative photon counts are denoted in black and white, respectively. On the other hand, tomograms are obtained as JPEG files, and the maximum and minimum densities are defined as white and black, respectively.
Tomograms of two glass vials filled with I media (iopamidol) of two different densities 15 and 30 mg/ml are shown in Fig. 8 . At a constant maximum energy of 70 keV, the image density difference between the two media increased with increasing threshold energy from 20.0 to 33.2 keV. The tomogram with energies ranging from 20.0 to 33.2 keV was calculated by photon-count energy subtraction; the photon count was proportional to the integrator output. By subtraction, the image density was low and the density difference between the two media was small. By I-K-edge CT, the image density difference was large after the density control.
The image density analysis of the two glass vials utilizing Image J is shown in Fig. 9 . Compared with the glass, the image densities of the two media were quite low, as determined by subtraction (20.0-33.2 keV). On the other hand, the image density difference between the two media could easily be observed using photons with energies of 33.2-70.0 keV.
The result of the tomography of a dog-heart phantom is shown in Fig. 10 . Coronary arteries are filled with I-based microspheres 15 µm in diameter. The operation on an animal was carried out in accordance with the animal experiment guidelines of our university. At a tube voltage of 70 kV, the image density of muscle slightly decreased with increasing threshold energy. Therefore, arteries were observed with a high contrast by I-K-edge CT. In addition, the thick arteries were visible after the image density control by I-K-edge CT. Compared with the three tomograms described above, it was difficult to observe arteries in the subtraction tomogram obtained using photons with energies of 20.0-33.2 keV. 
Discussion and conclusions
We performed dual-energy X-ray photon counting using a CdTe detector under a pileup-less condition with a maximum count rate of 5.4 kcps. Therefore, the maximum count per measuring point was 0.22 kc with a scan step of 0.5 mm and a CdTe scan velocity of 25 mm/s. Compared with tomograms obtained using previously developed ED-CT systems, the image granulation was substantially improved using an FVC. In particular, the image quality of tomograms obtained utilizing photon-count energy subtraction was good, since the two tomograms for subtraction were taken simultaneously.
First, we used a readymade FVC chip (New Japan Radio NJM4151) with an integrator. Using this FVC, the output voltage from the integrator was not proportional to the X-ray count rate because the logical pulse width from the chip slightly decreased with increasing count rate. In view of this situation, a microcomputer was very useful for producing the-same-width logical pulses and to control the pulse width using a microcomputer program. In addition, because ADCs are available in the microcomputer, the ADC in Fig. 1 can be removed in the future. Figure 11 shows the image density analysis of two tomograms of the glass vial filled with 30 mg/ml I medium with and without the FVC at energies ranging from 33.2 Tomograms of a dog-heart phantom. Coronary arteries were filled with I-based microspheres, and thick arteries were observed at a high contrast using the I-K-edge CT. The arteries were not visible in images obtained by energy subtraction. When the density of muscles was normalized to the minimum (black) by I-K-edge CT, thick arteries were observed at high contrast. 
